A number of stains and stain combinations have been identitied that, when used with the hydrophilic resin Lowiayl K11M, produce marked improvements over aqueous uranyl and lead salts (UA-Pb) in terms of low granularity, specificity, and range of components contrasted. Three test specimens, tobacco mosaic virus (mV), starfish sperm, and cultured mouse fibroblasts, were used to evaluate stain characteristics. UA-Pb showed a preference for nucleic acids, which were stained specifically by osmium d e -B at pH 1.5. A number of stain combinations in which UA was followed or preceded by salts containing barium, manganese, tungsten,
Introduction
Low-temperature embedding in the hydrophilic resins Lowicryl K4M and KllM has proven to be advantageous for many electron microscopic studies, particularly for the retention of antigenic determinants in post-embedding immunolabeling (Roth, 1986) . These resins have also been important in extending the temperaturedependent benefits acquired through rapid freezing and freezesubstitution to the embedding process.
For some protein crystals, Lowicryl embedding has been shown to give better structural preservation than epoxy (Carlemalm et al., 1982) but, in general, the technique has not been used to examine details of eukaryotic cell ultrastructure. This may be related to the difficulty in obtaining satisfactory staining of Lowicryl-embedded material. Staining methods using aqueous uranyl and lead salts in succession tend to produce coarse stain deposits (Horowitz et al., 1990; Altman et al., 1984; Roth et al., 1981) , and the distribution of stain among cell components does not parallel that obtained with epoxy sections (Roth et al., 1990) . The requirement that postfixation with osmium be omitted for Lowicryl polymerization further contributes to the difficulty of interpreting stain patterns. Approaches to improving ultrastructural visualization in Lowicryl using pre-embedding treatment with uranyl acetate (Benichou et al., 1990) or post-embedding adsorption of uranyl acetate in methyl cellulose (Roth et al., 1990) have recently been published.
We previously reported an improvement in the ultrastructural preservation of chromatin fibers using the hydrophilic Lowicryls (Horowitz et al., 1990) . These results stimulated a more detailed examination of the staining properties of this material. Using a test specimen of glutaraldehyde-fixed tobacco mosaic virus (TMV) embedded in Lowicryl KllM, we have found that there is a preferential staining of nucleic acids with aqueous uranyl and lead (UAPb) combinations, and have confirmed the nucleic acid specificity of the osmium ammine-B stain ( O h s et al., 1989) at low pH (Derenzini and Farabegoli, 1990) . Alternatives to UA-Pb have also been evaluated, and combinations that provide low-granularity staining of the TMV protein identified. The observations on TMVwere confirmed and extended using a more complex nucleic acidlprotein assembly, the chromatin fibers in starfish sperm nuclei. When applied to freeze-substituted, Lowicryl K11M-embedded fibroblasts, these stains yielded fine detail of both protein and nucleic acid components of the nucleus. In the cytoplasm, membrane-bound organelles, vesicles, and elements of the cytoskeleton were resolved.
These combinations expand the stain repertoire for Lowicryl sections, allowing both the resolution of fine structural details and some discrimination between nucleic acids and proteins.
Materials and Methods
Specimen Preparation. Starfish (Patiria miniata) sperm were released into artificial sea water (pH 8.0) on ice. Sperm heads and tails were separated after 10 strokes in a Dounce homogenizer, followed by two washes in a buffer containing 150 mM NaCI, I5 mM HEPES (N-[2-hydroxyethylpiperazine-N-[ 2-ethanesulfonic acid], pH 8.0). and sedimentation at 1750g for 5 min at 4'C. Aliquots (0.25 m) of settled sperm heads were taken up in 4% agarose in buffer with 1% (v/v) Cibacron Blue F3GA (Pierce Chemical; Rockford, IL) beads added, and gelled on ice for 10 min before cutting into 1-mm3 blocks. The blocks were fixed in the same buffer containing 2% glutaraldehyde (GA) for 2 hr at 4'C, washed twice in buffer, and held overnight at 4'C. Low-temperature dehydration, embedding, and polymerization in Lowicryl KllM (Acetarin et al., 1986) proceeded as described previously (for details see Horowitz et al., 1990) . Briefly, dehydration took place in methanol concentrations of 30% at 0°C. 50% at -2O'C, 70% at -5O"C, and 97% at -5S'C. Infiltration was begun in a 1:2 mixture of resin:97% methanol for 90 min, continued in a 1:1 mixture for 90 min, and was completed in two changes of pure resin for 2 hr and overnight at -55'C. w polymerization at -55'C was monitored continuously to maintain a flux of 25-35 pW/cm2 at the bottom of the samples.
A suspension of tobacco mosaic virus (TMV) (gift of Dr. Zaitlin. Corne11 University) was diluted to 1 mg/ml, taken up into agarose, and fixed and embedded as above.
Mouse L929 fibroblasts were fixed in culture medium (Eagle's minimum essential medium supplemented with 5 % fetal calf serum and 2 % penicillinlsueptomycin) (Gibco; Grand Island, NY) plus 3% GA for 5 min at 3 7 T , washed three times with culture medium, and held on ice before spray-freezing. Samples were sprayed through an airbrush into liquid propane held at -196°C before freeze-substitution in methanol at -9O"C, and low-temperature embedding in Lowicryl KllM at -55°C (see Horowitz et al.. 1990 , for a detailed discussion of the low-temperature methods employed).
Sections were collected on bare 300-mesh gold or formic acid-washed (Soloff, 1973) copper grids.
Staining Procedures. Double-distilled water was used for all aqueous solutions and washes. Uranyl acetate (UA), pH unadjusted, vanadyl sulfate (VS), pH 3.5, and phosphotungstic acid (PTA), pH 3.5 or 7.0, were prepared as 2% aqueous solutions. Ethanolic solutions of UA (EUA) and PTA (EPTA) were prepared by mixing the aqueous solution with an equal volume of ethanol immediately before staining. Vanadatylmolybdate (VM) (Callahan and Horner, 1964) was prepared by adding four parts 1% ammonium molybdate to one part 1% vanadyl sulfate and was stored at 4°C until the solution turned clear yellow. Lead acetate (Pb) (Millonig, 1961 ) was used at a x 100 dilution. All stains were filtered through a 0.22-pm Millex filter (Millipore; Bedford MA) before use. PTA and VS were made weekly, VM monthly, and were stored at 4'C. UA and Pb were stored at room temperature.
The grids were stained by immersion for 4 min in UA or EUA, followed by a 3O-sec water wash. Pb, PTA, and EFTA counterstains were applied for 2 min. VS and VM for 10 min, followed by a 30-sec wash, then air-dried. For some stain combinations, a 30-sec wash with 1% oxalic acid (Avery and Ellis, 1978) was employed after the aqueous UA staining step.
Barium permanganate (BaMn) and potassium permanganate (KMn) were prepared weekly as 1% solutions in 0.1 M phosphate buffer, pH 6.5 (Soloff, 1973) , stored at 4"C, and centrifuged for 5 min at maximum speed in an Eppendod tabletop centrifuge before use (Millex filters are not recommended for these stains). Grids containing sections were wetted with water, stained by immersion in KMn or BaMn for 4 min, washed for 1 min each with buffer, oxalic acid, and water, stained for 1 min in UA, washed for 30 sec with oxalic acid and water, then either air-dried or finally stained with Pb for 1 min followed by a 1-min water wash before drying.
Osmium ammine-B (OA-B) (Polysciences; Warrington, PA) was prepared as a 2% solution in (a) water and bubbled for 30 min with SO2 ( O h s et al., l989), (b) 0.1 M glycine buffer, pH 1.5, (c) Measurements. Measurements were made on photographic prints at a magnification of x 100,000 using an ocular micrometer graduated in O.l-mm increments.
Results

Protein /Nucleic Acid Discrimination in Tobacco Mosaic Virus
The location of the TMV RNA at a diameter of -8.0 nm within the -18.0-nm diameter virus has been well documented (e.g., Stubbs et al., 1977) , making this virus a useful specimen for testing the ability of electron-dense stains to discriminate between protein and nucleic acid. Sections of TMV embedded in Lowicryl KllM were examined after treatment with a variety of stains (see Materials and Methods); the results obtained are summarized in Table 1. Conventional uranyl-lead (UA-Pb) double staining (Figure la) contrasted a region -8 nm wide and up to -300 nm long, corresponding to the dimensions of the RNA helix (Stubbs et al., 1977) . Cross-sectional views of virus examined as stereo pairs did not resolve the central cavity of the structure, probably owing to the coarseness of the stain. The background also contained coarse, granular stain deposits.
When stained sequentially with 1% solutions of UA and PTA (Tsugita and Hirashima, 1976) . Other well-characterized structures, such as microtubules, prepared and imaged under equivalent conditions, have the correct dimensions]. No discrimination could be made between the stain density at the radius of the RNA and the outer, RNA-free region of the protein coat. A central stainfree cavity of -4-nm diameter was resolved in cross-sections (views confirmed by viewing in stereo). Aqueous UA-PTA staining was too weak to provide adequate imaging, and neither PTA alone nor PTA followed by UA was satisfactory. (Under the latter conditions, PTA had the curious property of being absorbed more by the surrounding resin than the virus particles, but did not generate sufficient contrast to serve as a negative stain.)
Vanadatylmolybdate (VM) proved to be a better UA counterstaining solution for TMV coat protein than vanadyl sulfate (VS), which provided too low a contrast to be useful. After UA-VM ( Fig overall contrast were low, and there was no evidence of the RNA staining differently from the protein.
Barium permanganate (BaMn) provided a very high contrast in the protein coat when followed by UA. The use of an oxalic acid wash before and after the UA step resulted in an extremely clean background, and prevented the formation of large scale precipitates (oxalic acid washes had no effect on the background graini-ness of any of the other stain combinations). BaMn-UA ( Figure Id ) stained the entire TMV particle [diameter = 16.8 nm f 1.3 nm (SD)], with no apparent discrimination between the RNA and the protein coat. A central cavity of -4-nm diameter was stain free in cross-sections, and appeared as a region of lower density in the central area of longitudinal views.
The ability of osmium ammine to discriminate between protein and nucleic acids in sections of mammalian cells has been demonstrated to be pH dependent when Lowicryl is used as the embedding medium (Derenzini and Farabegoli, 1990) . The product of the alternative synthesis of the stain used here is termed osmium ammine-B (OA-B) ( O h s et al., 1989) . To evaluate this specificity with respect to the RNA and coat protein of TMV, OA-B was used as a 2% solution in buffers at various pH values (see Materials and Methods). At pH 1.5 (Figure le) , where nucleic acid specificity is reported to be maximal, the staining pattern was similar to that seen with UA-Pb (Figure la) . The contrast was very weak but was confined to the RNA component of the virus. At pH 2.2 (not shown) there was no change in the stain distribution, but when OA-B was employed at pH 7.3, RNA staining was accompanied by weak contrasting of the protein component of the TMV, in the presence of irregular background deposition ( Figure If) .
Nucleic AciaVProtein Discrimination in Starfish
Sperm Nuclei P miniatu sperm were prepared utilizing light mechanical disruption of the intact sperm to separate the heads and tails. Under these conditions the acrosomal compartment expanded out of the normally concave nucleus, slightly decreasing the compaction of the chromatin in the nuclear compartment of the sperm head. Frequently, disruption of the membranes resulting from this treatment was seen at the basal portion of the sperm where the tail was broken off, allowing some of the chromatin fibers to spill out of the nucleus and thereby providing excellent views of individual fibers. Axonemes and mitochondria usually remained associated with sperm heads in the sections (Figures 2a and 2b ).
All the stain combinations discussed above were tested on starfish sperm; the results are summarized in Table 2 . The stains found to be positive for the TMV protein coat were effective at contrasting all the components of the sperm: axoneme (ax), acrosome (ac), mitochondrion (m), and chromatin fibers in the nucleus (n). EUA-EPTA, pH 7.0 (Figure 2a) , provided the most detail within the nonnuclear components. UA-Pb, which was ineffective at staining the TMV coat protein, contrasted all the sperm structures. When stained with OA-B at pH 1.5, only the chromatin fibers in the nucleus were contrasted; the mitochondrion, acrosome, and axoneme remained unstained (Figure 2b) .
The main goal of using starfish sperm was to evaluate the ability of the stains to discriminate between protein and nucleic acid in the chromatin fibers of the sperm nucleus. These fibers are composed of disk-shaped nucleosomes, about 11 nm in diameter, and are interconnected by linker DNA (Felsenfeld and McGhee, 1986) . Each nucleosome consists of ~1 4 5 BP of DNA wrapped around a core of eight histone proteins (Van Holde, 1988) and, in the case of I? miniata sperm, the linker DNA contains ~7 7
BP (Giannasca and Woodcock, 1989) . The chromatin fibers in these preparations measure 31.1 nm 2 2.1 nm (SD) in diameter.
UA-Pb produced an interesting pattern of stain deposition within the chromatin fibers (Figure 3a) . If the histone proteins in the nucleosome core were stained, globular deposits 5-10 nm in diameter would be anticipated. However, the observed pattern was an open meshwork, where the voids were generally the size and shape of histone cores. This suggests that the stain has an affinity for the DNA around and between nucleosomes, with minimal staining of the nucleosomal proteins; the affinity of UA-Pb for nucleic acids was also seen in TMV where RNA and not protein was stained.
The stains that were positive for the TMV coat protein also reacted similarly with chromatin fibers, failing to discriminate between protein and nucleic acid and thus providing little fine structural detail. With EUA-VS ( Figure 3b ) the chromatin fibers showed, albeit infrequently, some evidence of internal detail related to their nucleosomal structure. EUA-EPTA, at pH 3.5 and 7.0, and EUA-VM all stained chromatin fibers uniformly. As seen in Figure 2b . only DNA-containing structures were stained with OA-B at p H 1.5. This specificity was demonstrated whether or not the sections were subjected to acid hydrolysis before staining, and regardless of whether the stain was dissolved in the presence of SO2 or in p H 1.5 glycine buffer. This shows that the results of Derenzini and Farabegoli (1990) are valid for material fixed with glutaraldehyde, and with the newer formulation of the osmium ammine stain ( O h s et al., 1989) . OA-B at pH 1.5 (Figure 3c ) provided better resolution of structural detail within the fiber than had previously been obtained with UA-Pb (Horowitz et al., 1990) (Figure 3a) , and the impression that individual nucleosomes were resolved as a result of staining the DNA surrounding them was reinforced in stereo views. At pH 2.2 these details lost their crispness, and non-nuclear sperm structures gained in density. At pH 7.3 all the sperm structures were equally densely stained and internal detail in the chromatin fibers was largely obscured (Figure 3d) as the protein components were now stained.
A comparison of chromatin fibers stained with UA-Pb ( Figure  3a) and OA-B at pH 1.5 (Figure 3c ) revealed major differences in the pattern of stain deposition, despite the similarity displayed in their specificity for the RNA component of TMV (Figure 1) . When cross-sectional views of fibers were observed as stereo pairs, each of the stains discussed was seen to be distributed peripherally, with no indication of structures defined by stain deposition in the center of the fiber.
Stain Discrimination in Fibroblasts
Mouse fibroblasts provided an example of a "typical" mammalian cell. Suspensions were spray-frozen, freeze-substituted, and embedded in Lowicryl K11M as part of a previous study showing that low-temperature methods resulted in excellent intranuclear fine structure (Horowitz et al., 1990) . Many of the large-scale differences between these preparations and those made using conventional embedding can be attributed to low-temperature methods; characteristic features include densely packed ground cytoplasm, closely apposed inner and outer nuclear membranes, and closely apposed RER membranes (e.g., Nakajima et al., 1991; Roth et al., 1990; Ichikawa et al., 1989; Murata et al., 1985) . Other components, especially intranuclear details, are dependent on lowtemperature Lowicryl embedding (Horowitz et al., 1990) .
The combined effects of freeze-substitution and Lowicryl embedding are illustrated by the UA-Pb stain shown in Figures 4a and  4b) . However, the benefits of this type of specimen preparation, exemplified by detailed views of intermediate filaments (if) at the nuclearkytoplasmic interface ( Figure 4b) were offset by the generally poor UA-Pb staining properties of the cytoplasm and coarse stain deposits that obscured fine details. These observations pointed out the need to differentiate between changes in the appearance of a given specimen attributable to the preparative conditions and those resulting from staining characteristics.
OA-B staining of freeze-substituted mouse fibroblasts at low, intermediate, and neutral pH followed the patterns observed in embedded TMV and starfish sperm. At p H 1.5 ( Figure Sa) , only DNA-and RNA-containing structures were stained. In the nucleus, the peripheral condensed chromatin (cc) stained more intensely than RNA-containing structures, and some diffuse, weakly contrasted material was also present. Cytoplasmic ribosomes (r) acquired approximately the same density as the chromatin, and no other cytoplasmic elements were stained. When the pH was increased to 2.2 ( Figure Sb) , a difference was observed in the nucleus, where the diffuse components of the nucleoplasm increased slightly in contrast relative to the densely stained nucleic acid-containing components. Ribosomes were still the only cytoplasmic element stained. At pH 7.3 (Figure 5c ). the general staining of both nucleoplasm and cytoplasm increased. Although most features were stained with adequate contrast, the stain was coarse, grainy, and not well dlfferentiated between structures, producing an effect very similar to that obtained with UA-Pb. The OA-B results provided a basis for evalu- ating the characteristics of the stain combinations used with the simpler ThW and chromatin systems. Table 3 contains a summary of these results.
EUA-EPTA was examined at both pH 3.5 ( Figure 6a ) and pH 7.0 (Figure 6b) . At either pH the nucleus contained densely stained chromatin, with the peripheral condensed chromatin (cc) particularly strong. The nucleolus (no) was well contrasted, with clear definition of the fibrillar and granular regions. The nuclear lamina (nl) appeared as a uniform (-28-nm) layer, immediately interior to the closely apposed inner and outer nuclear membranes. The nucleoplasm appeared as a continuous meshwork of fibrils and particles of various sizes, some of which were identifiable as perichromatin and interchromatin granules (Raska et al., 1990) . In the cytoplasm, intermediate filaments (if) (-12-nm diameter) were frequently seen closely apposed to the nuclear membrane. Ribosomes on the RER (rer) were strongly contrasted, as were microtubules (mt), mitochondrial matrix, and membrane-bound vesicles. Where membranes were closely spaced, as in the nuclear envelope and portions of the RER, a line of light stain deposition marked the lumen. Although use at low pH has been considered critical for obtaining protein staining by PTA (e.g. * Silverman and Glick, 1969) , in these samples the same features were observed at pH 3.5 and p H 7.0. However, at pH 3.5 the surface stain precipitates that occurred at pH 7.0 were not present. EUA followed by VS was more successful on fibroblasts than on the other test specimens (not shown). The peripheral condensed chromatin and cytoplasmic ribosomes were more densely stained than dispersed chromatin, and the nuclear lamina was lightly stained. However, VS was not as effective as PTA at contrasting nucleoplasmic or cytoplasmic components in good detail ( Table 3) .
The VM formulation of the vanadium counterstain was, in this case, used after aqueous UA staining. This combination yielded excellent detail in both the nucleus (n) (Figures 7a and 7c) and cytoplasm (cy) (Figure 7c ). The peripheral condensed chromatin and interior chromatin were slightly less densely stained than the nucleolus, within which the fibrillar and granular regions could be clearly discriminated, as could the intranucleolar and perinucleolar chromatin. Interchromatin and perichromatin granules were observed within a dense meshwork of fibers that appeared continuous when viewed in stereo (Figures 7a and 7b ). The nuclear lamina was well delineated, the nuclear membranes were smooth and evenly spaced, with light stain marking the lumen, and intermediate filaments were sometimes observed on the cytoplasmic side.
In the cytoplasm (cy) (Figure 7c ), ribosomes were densely stained, while the lumen of the evenly spaced RER and other closely apposed membranes accumulated a very fine stain deposit. Many membrane-bound organelles and vesicles were apparent, with substantial variation in the staining of their contents. Cytoskeletal elements such as microtubules were seen in cross-section, and two centrioles stained intensely (arrowheads, Figure 7c ). This very finegrained stain, with virtually no background, did not give rise to the large-scale surface precipitates that sometimes developed with other stains.
Discussion
We have used three test specimens of increasing complexity to explore the staining properties of material embedded in the hydrophilic resin Lowicryl K11M. This water-miscible material can be polymerized by uv light at -55°C. thus avoiding the high temperatures and hydrophobic conditions necessary for epoxy embedding. A requirement for effective w polymerization is that osmium tetroxide not be used as a post-fixative, and it is probably the combination of low temperature, hydrophilicity, and absence of osmium that results in images rather different from those prepared in epoxy resins. Low-temperature methods used in conjunction with Lowicryl K4M and KllM embedding have repeatedly shown enhancement of structural preservation, particularly with respect to the improved retention of antigenic sites that result (Roth, 1986; Roth et al., 1981) . Our earlier results indicated that although superior ultrastructure could be obtained, UA-Pb staining was of limited usefulness. The unsatisfactory images resulting from UAPb staining of Lowicryl sections have sometimes led to the assertion that Lowicryl yields poorer cell preservation than epoxy (Ichikawa et al., 1989; Murata et al., 1985) . Our findings that after low-temperature embedding the diameter of chromatin fibers was - much more consistent, and the internal structural detail in the fibers was much more prominent than seen with Epon (Horowitz et al., 1990) , suggested that the interaction of Lowicryl embedded material with the stain rather than preservation per se was producing poor results. We have therefore investigated the staining properties of Lowicryl to find suitable alternatives of UA-Pb, and to explore their specificity for nucleic acids and protein.
stains and Stain Specz-city
Osmium Ammine-B. The osmium ammine-B stain ( O h s et al., 1989) , when used at pH 1.5 on Lowicryl sections, shows a strong specificity for nucleic acids (Derenzini and Farabegoli, 1990) . Staining was confined to the RNA domain of TMV (Figure le) , the chromatin fibers of starfish sperm (Figure 3c ). and the RNA-and DNA-containing components of mouse fibroblasts (Figure sa) . There was no requirement for acid hydrolysis or SO2 treatment, showing that a Feulgen-like reaction based on the generation of aldehyde groups from deoxyribose is not necessarily involved. Furthermore, the retention of specificity in glutaraldehyde-fmed material implies that free aldehyde groups do not contribute significantly. The gradual loss of specificity as the pH is raised suggests that the mechanism of osmium ammine staining of nucleic acids in Lowicryl sections is based on charge interactions (Derenzini and Farabegoli, 1990 ).
Uranyl-Lead Double Staining. Aqueous UA-Pb combinations resulted in the coarse-grained images noted previously in work with Lowicryl (Horowitz et al., 1990; Ichikawa et al., 1989) . When used on TMV the stain was confined to the RNA domain, with no staining of the protein component (Figure la) . This strong affinity for RNA probably holds true for nucleic acids in general, as seen from the staining of chromatin in the starfish and Lcell nuclei ( Figures  3a and 4a) . The absence of stain in the TMV protein and the lack of discrete staining of the nucleosome core proteins in starfish sperm chromatin are evidently related to specific properties of these proteins, since UA-Pb stained most protein-containing components of the fibroblasts (Figures 4a and 4b) , and the acrosome, axoneme, and mitochondrion of the starfish sperm (Table 3) .
Alternate Uranyl Counterstains. The early literature on the development of stains for biological electron microscopy (e.g., Marinozzi, 1963; Mercer, 1963) was primarily concerned with the generation of contrast. Investigators found many metal ions that could be bound to fixed, embedded material (for review see Zobel and Beer, 1965) , some with evidence of specificity for nucleic acids (reviewed in Gautier, 1976) , phospholipid membranes (Benedetti and Bertolini, 1963) , or proteins (Kendall and Bamard, 1963) . The stains we chose to evaluate did not find their way into general use, having been superseded by the high-contrast UA-Pb double stain that is effective on a wide range of cell components that have been fixed with aldehydes and osmium and embedded in epoxy resins. It is interesting to note that (with the exception of VS) all these stains, when used on Lowicryl sections, generated superior contrast to Pb despite their lower atomic numbers (U 92; Pb 82; W 74; Ba 56; MO 42; Mn 25; V 23).
In this study, the metal salts VS, VM, and PTA were used after UA (BaMn and KMn had to be used before UA to prevent precipitates from forming), and it was necessary to use the stains in combination and sequentially. If used before UA, or alone, they were ineffective as contrasting agents. Although UA was the first stain, and might be considered to act as a mordant whose binding sites would serve as nucleation centers for the second component, the final staining pattern showed considerable variation. For example, UA-Pb stained only the RNA in the TMV (Figure la) , whereas EPTA and VM (Figures 1b and IC) failed to discriminate between RNA and protein. As a result, these counterstains can all be classified as general stains. However, they displayed significant variation in the detail with which they stained different structures. The axonemes of the starfish sperm were only generally outlined by some combinations (ax in Table 2 ), whereas others resolved individual protofilaments of the microtubules (ax* in Table 2 ). Since the quality of structural preservation is uniform for successive sections of a given sample, these differences in staining must reflect preferential reactions between the individual stains and specific constituent(s) of the structure.
The staining mechanisms were also influenced by the solvent used and its pH. PTA provided good contrast in proteins only if used in solution in ethanol (EPTA) after ethanolic UA (Ebles 1 and 2). VS and VM provided more contrast when used after ethanolic UA (Ebles 2 and 3) than after aqueous UA. It should also be noted that the pH of the PTA did not strongly influence its staining properties, as has been reported for epoxy sections (Silverman and Glick, 1969) . The permanganate stains were sensitive to pH, performing reliably only when made up in pH 6.5 phosphate buffer (Soloff, 1973) .
Resolution us Preservation in Sections
The ability to resolve a specific structure in a thin section depends, first, on the preservation of the structure through the fixation, dehydration, and embedding process and, second, on the use of stains to decorate the structure in such a way that it is differentiated from its surroundings. When a structure or structural detail fails to be seen, it is not usually cleat which step(s) in the preparation sequence is at fault. Our results also show that it is often not the stains themselves that are intrinsically restricted in their resolving power. For example, UA-VM and OA-B at pH 7.3 resolved individual ~4 -n m protofilaments in starfish sperm axonemes (Eble 2), yet failed to discriminate Nlo-nm nucleosomes in the chromatin fibers.
In addition, none of the stains clearly resolved the 2.3-nm helical pitch of TMV ( Figure I ), although weak reflections at 6.9 nm were observed in power spectra (not shown). The failure of the "protein" stains to resolve individual nucleosomes in chromatin fibers or helical gyres in TMV may be due to nonspecific deposition beyond the boundaries of these structures.
With the more complex mouse Lcells, components that were clearly discriminated with some stains but not others included the nuclear lamina, peripheral heterochromatin, and cytoskeletal filaments. Details within the nucleoplasm also differed, several stains revealing a meshwork of fibers and granules of various sizes, but the texture and details seen were characteristic of the individual stain, giving the impression that a different class of structures was being picked out in each case. For these Lowicryl embedments, further investigation of the potential to discriminate between protein types using different stains on test specimens, such as collagen fibers, where the presence or absence of stain can be correlated with the known polypeptide composition (Tzaphlidou and Chapman, 1982a,b) would be valuable. With such information it may be passible to systematically develop stain combinations that resolve and differentiate specific ultrastructural components. 
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